Resuspension of solid particles by a tornado-like vortex from surfaces of different roughness is studied using a three-dimensional particle tracking velocimetry (3D-PTV) method. By utilizing the three-dimensional information on particle positions, velocities and accelerations before, during and after the resuspension (lift-off) event, we demonstrate that the resuspension efficiency is significantly higher from the rough surface, and propose a mechanistic model of this peculiar effect. The results indicate that for all Reynolds numbers tested, the resuspension rate, as well as particle velocities and accelerations, are higher over the rough surface, as compared to the smooth counterpart. The results and the model can help to improve modeling and analysis of resuspension rates in engineering and environmental applications.
Introduction
Particle resuspension is the process in which a submerged particle is being detached from a surface to the fluid medium above, after the break-up of the particle-surface bond. Resuspension is an ubiquitous process in many engineering and environmental applications, for instance in sediment transport (Wu & Chou, 2013) , powder handling processes (Grzybowski & Gradon, 2007) , and studies of Martian dust devils (Greeley et al., 2004) . Previous studies have shown that resuspension is inherently related to the flow regimes near the wall, and in many cases may be related to turbulent flow velocity fluctuations or flow structures, such as sweeps and ejections (Henry & Minier, 2014) . The dependency of the resuspension phenomena on diverse flow regimes makes it hard to study in a general fashion. Therefore, the detailed relations between the wall surface roughness, particle diameter and the efficiency of the resuspension process (e.g. Nino et al., 2003; Yanbin et al., 2008; Lee & Balachandar, 2012; Barth et al., 2014, among others) .
Surface roughness effect on the resuspension rate can be modeled in many different ways and by different mechanisms. For instance, Henry et al. (2012) in their model of re-entrainment coupled surface roughness with the effect of particle-surface adhesion. Lee & Balachandar (2012) calculated a critical shear stress criterion for the initiation of particle movement, and determined that surface roughness may affect particle movement through the level of relative particle protrusion, or through a moment balance of hydrodynamical and resistive forces against an asperity. Using a channel airflow experiment, Yanbin et al. (2008) demonstrated that the effect surface roughness has on resuspension varies for particles of different sizes and for different scales of surface roughness. Hall (1988) measured and derived an expression for the lift force acting on a particle on smooth and rough surfaces, and found that the force can change by several orders of magnitude with surface roughness, and with the position of a particle relative to the roughness elements. In our study, we choose to focus on a single aspect of this diverse phenomena, namely on the way by which particle mobility (rolling or sliding motion along the surface) over the smooth and rough surfaces affects resuspension of relatively large spherical particles.
Many experimental methods have been introduced so far for measuring resuspension rates. The majority of studies were conducted through a wind tunnel or a duct flow with particles spread over the channel bed. The initial load of particles is measured and particles that leave the observation volume are counted, providing the fraction remaining (Ibrahim & Dunn, 2003; Nino et al., 2003; Yanbin et al., 2008, among others) . Other experimental methods intended to study resuspension under specific flows, such as the air flow generated by the foot during walking, or through porous medium, have also been introduced -examples can be found in a recent review by Henry & Minier (2014) . These methods allow to quantify the resuspension rates and test models of the resuspension problem at large. For our purpose of studying the basics of the resuspension mechanism, and focusing on a single major difference between the smooth and rough surfaces, an experiment with a confined flow and particle motion, along with the detailed three-dimensional measurements, is required.
In order to achieve a quasi-static state, a steady vortex flow type was chosen, mimicking several industrial and environmental applications such as mixers, bio-reactors, tornadoes or dust devils. The low pressure, found at the center of a vortex-like swirling flow, creates a "suction" effect that generates high lift forces over submerged bodies. As a result, vortex flows present higher resuspension rates at a low level of energy input to the system, as compared to the unidirectional boundary layer type of flows.
Moreover, the low pressure zone at the vortex core keeps the initial group of particles within a observation volume, thus allowing high fidelity measurements and significant statistics based on long and detailed observations to be collected for relatively small groups of test particles. Using a three-dimensional particle tracking velocimetry (3D-PTV) system, the particles' locations and velocities can be measured in time, and thus different aspects of their instantaneous and statistical behavior can be put under examination (e.g. Traugott et al., 2011) .
Materials and methods

Experimental methods
The experimental set up is shown in figure 1 . A 300 × 300 × 400mm 3 glass tank filled with filter water at room temperature (density ρ = 1000 kg m later using an open source particle tracking velocimetry software, OpenPTV (www.openptv.net). We tested four different angular velocities of 70, 100, 130 and 160 rpm and the bulk Reynolds number of this vortex type of flow is defined using the stirrer radius R, and the motor angular velocity ω, Re = ωR 2 /ν.
The corresponding Reynolds numbers tested are in the range of 13, 000 ÷ 30, 000. Each experiment was repeated at the steady state conditions, after the motor was running for at least five minutes with the particles in the tank, so the flow was allowed to reach a stable steady state vortex flow. After establishing the steady flow and resuspension conditions, a digital video sequence from different view angles was taken at a rate of 500 frames per second with the cameras focused at the bottom surface under the vortex core.
We used soda lime glass spherical particles d p = 800 µm in diameter and with the density of 2.5 g cm −3 . The "smooth" surface was made of a thin sheet of PVC with a layer of PVDF coating. This configuration yields a negligible surface roughness of Ra = 0.65 µm. The "rough" surface was made out of a sheet of 240 grit aluminium oxide sand paper, which yields a surface roughness of Ra = 14.24 µm.
Thus, relative to the particle diameter, the roughness Ra/d p is 0.81 × 10 −3 and 18.0 × 10 −3 , respectively.
Using 3D-PTV, we measured v ≈ 0.5 m s −1 at y = 400 µm, a height of one particle radius above the floor, from which the friction velocity u τ = 0.042 m s −1 , and the thickness of the viscous sub-layer of y = 120 µm can be estimated. Although this is a very rough estimate, it is clear that for both surface Prior to the dynamic flow driven experiments, the effect of surface roughness on the incipient motion of the particles through rolling/sliding was tested using an inclined bed test. After a number of particles were positioned on the surface, an angle of inclination was gradually increased and the angle corresponding to the first motion was measured. The test results indicate that over the rough surface, the force required for the incipient motion (in this experiment we could not distinguish between a rolling or sliding motion)
is about 3 times larger than for the smooth surface.
Data reduction
The captured videos were analyzed using OpenPTV, an open source particle tracking velocimetry software (www.openptv.net) that through a process of calibration and image processing, provides the 3D locations of the particle in each video frame (Dracos, 1996; Traugott et al., 2011 ). An example of the video frame, seen from one of the four cameras at different stages of a particle resuspension, is shown in the top panel of figure 2. The obtained dataset provides us with the information of particle position, velocity and acceleration in time as Lagrangian trajectories, shown for instance in the bottom panel of figure 2. There is a single particle trajectory during resuspension, shown in a three dimensional view, along with the quantitative information regarding the elevation above the wall y, the velocity magnitude
, and acceleration magnitude a, at different time instances. A sharp increase of the vertical velocity of the particle, which is still located on the wall (y ≈ d p /2), is identified as a resuspension event, if at the following time interval the particle is lifted from the wall. Applying this condition, we can identify the particles freely moving along the bottom wall (either rolling or sliding) without vertical (against gravity direction) motion, and distinguish those from the particles that were resuspended.
Figure 2: (top) Single particle at different stages of the resuspension event in a vortex flow; (bottom left) -isometric view of a single particle trajectory experiencing the resuspension event, (bottom right) -the height above the surface (top), the velocity (center) and acceleration (bottom) magnitude of the particle in time.
For the statistics, a larger dataset of the separate particles at different time instances, disregarding their Lagrangian trajectories, is used. An example of the graph demonstrating the gross picture of the particles at all times in two experimental cases is presented in figure 3 . The two orthogonal views on the particle motion under a tornado-like vortex of the same angular velocity are shown. These views allow quantification of the probability density functions of particle horizontal (top panel) or height (bottom panel) positions, and the respective distributions of velocities or accelerations. An evolution of the particle motion in the given flow, shown in figure 3 is the following. As the motor is started and the vortex starts to form, particles start moving on the bottom wall and gather at a location beneath the vortex core. After a certain time, when the vortex reaches a steady state, the particles behave in a repetitive cyclic manner of resuspension in a helical trajectory that is followed by a fall back to the surface (deposition). A more detailed observation reveals that the resuspension occurs mostly when the particle is close to the vortex core, while as the particles are swept up, their distance from the vortex core increases, their velocity decreases below their own settling velocity and they fall back to the bottom wall. This behavior of leaving the center of the vortex is due to the large centrifugal forces acting on the particles as they are being swept by the vortex in helical trajectories. This observation is evident in figures 2 and 3. Integral quantities that characterize overall resuspension efficiency, such as the potential and kinetic energy of the particles (denoted E p and E k , respectively) were calculated and presented here as normalized quantities per unit mass (in order to remove the effect of a slightly different number of particles at different runs). The total energy was estimated accordingly, combining the potential and kinetic energy of the particle i at position y i and velocity V i :
For the sake of resuspension efficiency comparison, the dimensionless resuspension rate n * was defined using a ratio of the number of resuspended particles n r , to the total number of the particles in the frame, n T :
In the next section, probability density functions of the resuspension rate, as well as the energy components will be presented. Moreover, we will show how the results help us to understand the differences between the resuspension rates from smooth and rough surfaces.
Results
Energy distributions
As a first measure for the resuspension efficiency of the system, the total energy (E T ) of the particles, calculated using Eq. 1, is considered. The probability density functions (obtained by the least-square fit to the measured histogram) are presented in figure 4(a) , for the 100 rpm case, as an example. It can be seen that over the smooth surface, the distribution is denser and with a slightly lower energy level of the mode compared to the rough surface energy distribution. Moreover, although they seem to behave in a similar manner, the particles above the rough surface exhibit a wider distribution of the total energy with a longer tail and with stronger probability of higher energy. This behavior was seen for all cases studied here, and it is in agreement with the results of Soltani & Ahmadi (1995) that showed a lower threshold of critical shear velocity for the resuspension of particles on a rough surface, with surface roughness much smaller that the particle diameter, as the case studied here.
The mean values of particle total energy distributions are plotted for the increasing vortex angular velocity in figure 4(b) . From the graph, a monotonic increase in total particle energy is visible in the range of 70 to 130 rpm or Reynolds of 13,000 to 30,000, and slightly reduced values for the highest velocity tested of Re ≈ 30, 000 (or 160 rpm). Although this decrease is slightly counter-intuitive (as one would expect to see a rise in particle energy for increasing values of the input energy), an explanation is due to the type of the flow and the description of particle motion given above: as the motor velocity is increased, the rise in angular velocity of the particles is related to stronger centrifugal forces acting on the particles, driving them farther away from the vortex core where the gravity forces are dominant and faster deposition. Thus, it can be derived that the vortex flow structure can not efficiently sustain particle suspension for all cases. This effect is evident in our results where the mean total particle energy reduced, while motor velocity in increased.
Figure 4: (a) PDF for the particle kinetic and potential energy at 100 RPM motor velocities over the smooth and the rough surfaces. (b) mean particle energy values over the two surfaces with the changes in motor velocity With regard to the particle total energy, it is instructive to visualize the distributions of the components, namely the kinetic and potential energy of the particles. The mean energy components are presented in figure 5 with respect to the previously defined Reynolds number. From these graphs, we understand that the change in total energy with the motor velocity is solely due to changes in particle kinetic energy, while the average particle potential energy remains independent of the angular velocity of the vortex, yet higher for the rough surfaces (suggesting higher resuspension efficiency). Moreover, the values of particle energy are higher above the rough surface for all cases. In addition, as the Reynolds number grows, the kinetic energy level rises with higher rate for the rough surfaces, meaning that more energy is transferred to the resuspended particles. The decline of growth for the highest tested Reynolds number is also seen in this result. The effect is again due to higher centrifugal forces as the motor speed has increased.
A more detailed view is shown in the following figure 6 , in which we demonstrate the horizontal and vertical (against gravity) particle kinetic energy components. Figure 6 (a) shows the distribution of velocities magnitude in the vertical and the horizontal directions for the 100 rpm motor velocity run over the smooth and the rough surfaces, while figure 6(b) shows the values of the mean particle kinetic energy in the vertical and the horizontal directions for increasing Reynolds numbers. Naturally, due to the type of the vortex flow, the particle kinetic energy is an order of magnitude larger in the horizontal relative to the vertical directions. It is also evident that over the rough surface the particles exhibit higher energy levels, with the trend similar for both vertical and horizontal components of energy. Moreover, the mean values of the velocity rise with the angular velocity of the vortex, again only up to 130 rpm. Although this behavior exists in both directions it is much more prominent in the horizontal direction. Nevertheless, it is useful to examine the particles accelerations and decompose it to the horizontal and the vertical components, since in the case of resuspension, the vertical component directly relates to the lift force, as long as the particle moves on the surface. Figure 7 (a) shows the acceleration probability distribution for the 100 RPM run over the smooth and the rough surfaces in the vertical and the horizontal components. Figure 7 (b) presents the mean acceleration values for the increasing Reynolds number over the two surfaces in the horizontal and the vertical directions. From these two graphs, it is obvious that in both directions and for all Reynolds numbers tested, the particles over the rough surface experience significantly higher accelerations, and thus much stronger forces. This is true for both vertical and horizontal components, but with values much higher in the horizontal (parallel to the wall) direction.
The peculiar result is that there is almost no change in the accelerations for the particles over the smooth surface. It is also seen that although the horizontal accelerations (and centrifugal forces) increase with the increasing vortex speed, the vertical (up-lifting) forces are almost constant. This is consistent with the previous results of the vertical kinetic energy, and supports the assertion that the lift forces in this flow configuration are supported mostly by the pressure differences which are insensitive to the vortex angular velocity. Nevertheless, the important result for the purpose of this work is that both components of the acceleration are higher for the rough surface as compared to the smooth surface. This means that larger drag and lift forces are acting on the particles above the rough surface. 
Entrainment rate
The most typical measure of a system resuspension efficiency is the fraction of particles that are entrained, or its complementary part, the fraction of particles that remain on the floor. This integral measure allows to quantify relative tendency for a given type of particles to become resuspended under different flow conditions. For each run of the experiment, the number of resuspended particles (n * ), and the total number of particles (n T ), were counted, and using the Eq. 2 the fraction of the particles that remain on the smooth or rough surface was obtained. Figure 8 shows the fraction remaining for each experimental run as a function of the increasing Reynolds number of the flow. It is seen from the graph that the particles above the smooth surface are more likely to remain on the tank bottom wall for all the vortex velocities tested. It is also evident that with the increasing vortex angular speed, a slightly larger portion remains on the bed. This is explained by much higher centrifugal forces that remove particles from the vortex core, and thus decrease their chances to experience vertical lift forces which are strongest at the vortex core. The trends also show some resemblance to the mean potential energy curves plotted in figure   5a . In examining the differences between figures 8 and 5a, we infer that while the potential energy levels remain roughly the same above the two surfaces, it is clear that the number of resuspended particles is higher above the rough surface. This means that above the rough surface more particles are resuspended as compared to the smooth surface case, but to slightly lower heights. It is again linked to the higher horizontal accelerations that the particles experience above the rough surfaces. The following discussion section is devoted to a simplified mechanistic model that explains the differences between the two types of surfaces. 
Summary and discussion
In this work, the 3D-PTV was used to study the effect of surface roughness on the different modes of resuspension. The study focused on the detailed motion analysis of single solid particles from smooth and rough surfaces. In a quasi static vortex flow, the energy levels, the velocities, and the amount of resuspended particles were measured. The results were obtained through a 3D-PTV system in a simple vortex flow that provided us with the detailed information regarding the positions, velocities, and accelerations of particles to be collected for a long period of time. The results presented in this work show unequivocally that in the case of spherical particles with a diameter larger than the viscous sublayer, roughness improves the resuspension rate. It is important to note that this result is new both at the level of the detailed information about trajectories of the freely moving particles as they are suspended or deposited, and at the direct comparative study of the smooth versus rough surfaces under the same flow conditions. This experiment allows us to single out the mechanism by which the resuspension rate increases for the mobile beds over the rough surfaces.
We would like to propose a simplified conceptual mechanistic model that explains the differences of the spherical particles resuspension from smooth and rough surfaces. The model is relevant only for the particles large enough, such that the adhesion to the smooth surface is negligible, as compared to hydrodynamic forces. In this case, the spherical particle on a smooth surface can roll or slide, whereas on a rough surface this ability is impaired. A conceptual cartoon is shown in figure 9 . The central concept is the ability of the particles to roll/slide on the surface. The major difference and the increased resuspension rate over the rough surface is therefore due to the strongly increased relative velocity between the moving particle and the flow, i.e. W = U − V p ( figure 9 top panel). Since the major hydrodynamic forces of lift and drag are both proportional to some power of the relative velocity L, D ∝ W α , which, depending on the particle Reynolds number, can be in the range of α = 1 ÷ 2, the increase of the forces can be up to the W 2 .
As one can see from our results of resuspension efficiency (figure 8), velocity and acceleration of the particles that are lifted up to the flow (figure 5), these resemble the effects predicted by this mechanistic model. Moreover, the model also predicts that at some energy level, the roughness cannot sustain the energy transferred to the particle by the flow, and thus the effect of increasing suspension rate is less prominent. In our case, this happened at the highest rotation rate shown here of 160 rpm, or Re ∼ 30000.
The higher rotation rates have shown the same trend -the velocities were too high and as the particle mobility along the wall was recovered, the resuspension rate decreased towards the smooth wall case. Also similar results concerning particle mobility over the surface were observed by Ibrahim & Dunn (2003) where it was shown that particles with a less spherical shape were more easily resuspended than their perfectly spherical counterparts (with higher degree of mobility). Figure 9 : Cartoon of the large spherical particle resuspension from smooth (left panel) versus rough (right panel) surfaces: (a) spherical particle under the flow from the left can roll or slide at the velocity comparable to the flow velocity, (b) same particle on the rough surface cannot roll or slide due to the roughness, (c) the very small relative velocity of the particle decreases significantly the drag and lift forces responsible for the resuspension; (d) lift and drag forces are enhanced due to a very high relative velocity which in this model is equal to the flow velocity.
In further support of our mechanistic model of strongly different forces acting on the particles, where mobility along the wall is hindered on the rough surfaces, we provide the direct measurements of the horizontal accelerations of the conditionally sampled subset of particles where their centers are within one radius from the wall. The results of the horizontal accelerations, i.e. forces, are shown in the following figure 10 . Obviously, the distributions of the forces experienced by the particles on the rough surfaces are several times higher than those on the smooth surface, despite the exact same flow and other conditions of the experiments. We see this result as a direct support of the proposed model. It is also clear that the effect saturates at high velocities, as predicted by the model. We also would like to discuss the reasons for differences found in the results of several studies concerning the effect of surface roughness. Nino et al. (2003) and Lee & Balachandar (2012) have concluded that surface roughness increases the threshold shear velocity for particle resuspension (and reducing resuspension efficiency). It is important to note that in those studies the surface roughness size was taken to be at the order of the size of the particle diameter, such that the surface elements are hiding the particles from the flow. Another study by Soltani & Ahmadi (1995) showed lower resuspension threshold for particles over a surface with roughness much smaller than the particle diameter. These different effects can be seen in the results of Jiang et al. (2008) , concluding that surface roughness affects particles of different relative (to the surface roughness and to the viscous sub-layer thickness) diameters in different ways.
The results of this study add to the existing knowledge regarding the resuspension mechanisms of freely moving particles over smooth and rough surfaces. The new results, based on the detailed measurements of the resuspended particles, allow for a better modeling and analysis of suspensions in industrial applications of fluidized beds, bio-reactors, mixers of solids, and environmental problems of dust devils or tornadoes.
Beyond the flow types that resemble the vortex model used in this study, we can understand better the observations of strong, stochastic suspension events in the turbulent boundary layers. In addition to the commonly accepted role of sweeps and ejections, we present a simple mechanistic model based on the inhomogeneous roughness of the surface that can provide an alternative and simpler explanation of the
